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ABSTRACT

Experiments were performed in a water tunnel to visualize the vortex bursting
phenomenon on a - th scale model of the F-18 fighter aircraft.

Photographs were taken to investigate the effect of pitch rate and yawing
on bursting locations of vortices shed from the forebodN, and the strake during

simple pitch up and simple pitch down maneuvers in the angle of attack range
up to 500.

It was found that the vortex burst point moves upstream with increasing
pitch rate. At the same pitch rate, vortex bursting was usually found to occur
earlier for the pitch-down than for the pitch-up maneuver. Aircraft yaw ing

generated significant vortex asymmetries due to earlier vortex bursting on the

windward side thus leading to undesirable side forces and yawing moments.
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. INTRODUCTION

The high angle of attack characteristics of a fighter aircraft are highly

configuration dependent and vortex dominated. High angle of attack flight is

limited by the vortex breakdown phenomenon and by the onset of vortex

asymmetry. As a result large undesired forces and moments can occur which may

lead to departure from controlled flight and therefore attention must be paid to
high-rate pitch-up problems, lateral and directional instability problems, and roll

and yaw control problems. The forebody of the fuselage and the LEX or strakes

or canards have a strong influence on the vortex dev,-lopmenr and on the later.!

and directional stability.
A knowvledge of the unsteady structure of the vortices. including the occurrence

of vortex breakdown (or bursting) is therefore crucial in optimizing the
maneuverability of a fighter aircraft. During the vortex breckdown process an

abrupt transition from a jet-like to a wake-like core occurs, accompanied by a

marked increase in the level of turbulence. Vortex breakdown usually occurs in

one of two modes. In the axisvnmetric mode a dye line of rotating and

recirculatin2 fluid forms in the viscous core of the vortex. In the spiral mode

there is a cork screw like distortion to the vortex core. Vortex breakduwn on

stationary wings has been investigated extensively, and is assessed by Wedemeyer

[Ref. 1]. However, experimental studies related to vortex breakdown on pitching
wings aircraft have been somewhat limited to date. Of the more recent studies.

[Ref. 2] examines in detail the response of vortex breakdown on a pitching delta
wing. undergoing various classes of ramp motion including simple pitch up and

simple pitch down. In particular, the study focusses on both global control
(invclving pit'hing motions) and local control (in the form of suction or blowing)

of leading-edge vortices on a delta wing. The unsteady response of leading-edge
vortex flows over a delta wing has been described for high angle of attack

conditions in [Ref. 3]. This study focusses on the response of vortex development
and breakdown due to large amplitude transient pitching motion of a sharp-edged

delta wing and d6monstrates the occurrence of a long time-scale response

associated with vortex breakdown.



Attached flow Separation induced vortex flow

Moderate sweep and aspect ratio Highly swept, loy aspect ratio

Figure 1. Hybrid iing containing LEX

i he present investigation was undertaken to characterize the vortex flow field

around a maneuvering fighter aircraft model, specifically the F-18. As is well

known, this aircraft has achieved superior high angle of attack performance by

incorporating the hybrid wing concept which results from the combining of a

conventional wing with moderate sweep-back and aspect ratio with a wing root

leading edge extension (LEX), also known as strake. Figure 1 illustrates these two

2



concepts in their combined form. The conventional wing maintains attached flow

up to moderate angles of a attack but eventually produces buffet and stall.
I-owe\er, the LEX induces a vortex flow which increvses in strength with
increasing angle of attack. The vortcx flow creates an area of high negative

pressure on the wing upper surface which increases the lift and delays the flom%
separation on the basic planform. Unfortunately, at a certain angle of attack
this vortex flow becomes unstable and starts to burst into a highly irregular and

turbulent flow which causes a rapid loss of lift and severe buffeting loads on the
vertical tails. For this reason a detailed knowledge of the vortex burst mechanism

and location is highly desirable, especially during maneuvering flight conditions.

The goal of this thesis therefore was to study the effects of pitch rate on
the vortex development on the F-18 aircraft model in the NPS water tunnel using

dye-injection for flow visualization with particular emphasis on visualization,
documentation and interpretation of vortices generated firom the forebodv and the

strakes at high angles of attack, w;th and without yaw.
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If. THE DYNAMIC STALL PlHENOIENON

A. DESCRIPTION

The words -dynamic stall" are used to describe the flow phenonenon that

occurs on a wing in unsteady motion which experiences flow separation.

B. DYNAMIC STALL EVENTS

(a) STATIC STALL ANGLE EXCEEDED

(b) FIRST APPEARANCE OF FLOW
REVERSAL ON SURFACE

(c) LARGE EDDIES APPEAR IN
BOUNDARY LAYER

(d) FLOW REVERSAL SPREADS OVER
MUCH OF AIRFOIL CHORD

z ) / (el VORTEX FORMS NEAR

U (b) (c) 
j \ LEADING EDGE

0 (d)

\ ~(j (if) LIFT SLOPE INCREASES

fg) MOMENT STALL OCCURS

(k)

1(f) (h) LIFT STALL BEGINS

O"~j (i) MAXIMUM NEGATIVE MOMENT
I-
. (Q) FULL STALL

0

z
U (k) BOUNDARY LAYER REATTACHES
9 . FRONT TO REAR

0 5 10 15 20 25
INCIDENCE, a. d (I) RETURN TO UNSTALLED VALUES

Figure 2. A chronology of dynamic stall events(Ref. 51
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Figure 2 [Ref. 41 describes the development of the normal force and pitching

moment versus angle of attack and the corresponding boundary layer behavior

for a dynamically stalling NACA 0012 airfoil.

A chronology of dynamic stall events should start at point (a) in Fig.2 , where

the pitching airfoil passes the static stall angle without any discernible change

in the viscous or inviscid flow around the airfoil. At point (b) , the first indication
of disturbance in the viscous flow appears , when the flow reverses near the

trailing edge ,.f the airfoil . At point (e) , a vortex forms near the leading edge

of the airfoil, inducing strong pitching moment effects on the airfoil ( point (f)

and (i) ), producing the phenomenon known as dynamic stall.

C. STALL REGIMES

SPVSTIVI DMP O WM4&ATIVI OAMPLG.

NO STALL STALL ONWT UGHT ITALL" DI ITALL
a0r 4" a 10[ [ L

CO _______ I

.1 0 0 -0 0 0 2 10 0 10 20t a1 0 1

,"~

Figure 3. Dynamic stall regimes, NACA 0012 airfoil

Figuie 3 [Ref. 51 Illustrates thle different stall reginies wvhich mlay be

encountered. I-or small maximum angles of attack only light stall will be
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encountered. In this case, a significant drag inr.tease and loss of lift compared

to the theoretical tttached flow values will be found. Another d1tineui'llin2 Icature

ofthe lieht dvnanuc stall is the scale ofthe interaction. The %ertical e\tent ofthe \!1cous
zone tends to remain on the order of the airfoil thickness, generally less than for static

stall. The quantitative behavior of light stall is sensitive to airfoil geometry, reduced

frequency, maximum incidence and Mach number.

Further increases in am, lead to the deep dynamic stall regime. This regime is
dominated by the vortex-shedding phenomenon. Figure 3 illustrates some of the

qualitative and quantitative differences between light and deep stall. The qualitative

features of deep stall are less sensitive to the details of the airfoil geometry-, motion,

Reynolds number, and Mach number. The quantitative air loads depend on the time

historv of the angle of attack for the portion of the cycle when the static stall angle is

exceeded.

D. EFFECT OF VARIOUS PARAMETERS

Table I [Ref. 5]. gives a summary of the most important parameters which alfect

dynamic stall.

Tahle 1. IMPORTANCE OF DYNAMIC STALL PARAMETERS.
STALL PARAMETERS E FFECT

Airfoil shape large In some caqes

Mach number Small below H, = ().2,
Large a boe _1,=0.2

Reyniolds number Small at low Mach number.
SnUnknown at high Mach number

Reduced frequency Large
Mean angle. Amplitude Larve

Type of motion Virtually unknown

3-D effects Virtually unknown
Tunnel effects Vitually unknown

1. Airfoil Geometry

In the light dynamic stall regime, the leading edge geometry of an airfoil is

an important factor in determining the boundary layer separation characteristics.

The leading edge stall produces a relatively concentrated vortex and abrupt changes

in lift, pitching moment and drag coefficient during the development of the dynamic

6



stall event. 1 his contrasts with trailing edge stail, which is more comnmon on airfoils

with relatively blunt noses or a large amount of leading edge camber. Boundary layer

separation which progresses forward from the trailing edge tends to occur more

gradually. Also, the more gradual the trailing edge separation, the less negative the

resulting aerodynanic damping.

2. Reduced Frequency

The reduced frequency of the oscillation is an important parameter aflecting

dynamic stall, but its influence depends on the stall regime and the type of boundary

layer separation. For example, Fig. 4 and Fig. 5 [Ref. 5 1 show opposite trends in the

light stall regime for leading edge and trailing edge stalling airfoils tested under identical

conditions.

k - O.02 k - 0.10 k - 0.20

L I1* I /.

CL" !--" K ... - ~

CM 0 '

20 0 20 0 20

Figure 4. The effect of reduced frequiency on the VR-7 airfoil at 1. = 0.3 and

1 = 0" + 5" sin wtI [Ref 51
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C L n--'..

/
I

0i

0 20 0 20-0

Fig'ire 5. The errect or reduced frequenicy on the NACA 0012 airfoil at 11_ = 0.3

and a = 100 + 50 sin wt [Ref. 5)

Fig. 6 [Ref. 5] is more illustrative of the trends iii deep dynamic stall. The

reduced frequency is defined by:

2 U.

where, k reduced Frequency

CO rotational frequency, rads

c chord length of airfoil,ft

U_ free stream velocity, ft;s
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Figure 6. The effect of reduced frequency in the deep stall regime. NACA 0012,

Af_ = O.l[Rel' 51

3. Amplitude and Mean angle

Dynanic stall effects depend significantly on the amplitudes of oscillation.

Fig. 7 [Ref. 51 presents the lift and pitching moment for three test conditions each

of which has the same mean angle.
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- - - - SrTATIC DATA POSITIVE DAMPING Mt NEGATIVE DAMPING

2

CL

/ V STATIC

CM

-. 4f

L* 1 L-L t I
a to 20D 30 0 10 20 30 0 10 20 30

INCIDENCE, a. del

Figure 7. The effect of amplitude at -LIL 0.05 IRef.5]

4. Mach Number

McCroskey IRef. 51 has shown that the dynamic stall behavior of an airfoil

is also dependent on Mach number. This effect has recently been investigated in

some detail by Chandrasekhara and Carr [Ref. 61, who found that an increase in

Mach number tends to decrease the dynamic lift effect.

5. Reynolds Number

Hligh Reynolds number dynarmic stall tests were recently completed by

Lorber and Carta [Ref. 71 for a Sikorsky air-foil, thus giving for the first time

an assessment of the influence of this important parameter.
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6. Three Dimensional Effects

The three dimensional aspects of the dynamic stall phenomena on wings and

complete aircraft are still insufl]ientlv understood and explored. Therefore. they

present important challenges for future experimental and computational dynamic stall

research.

E. CALCULATION METHODS

As summarized by McCroskey [Ref. 51. a number of methods were developed in the

1960s and 1970's to predict two-dimensional dynamic stall. These methods were

based on discrete potential vortex modelling, on direct empirical correlation techniques,

such as the Boeing-Vertical Gamma Function Method, the MIT method, or time delay

methods. These methods all have serious limitations because of the empirical or

LIestionable assumptions underlying them.

Very recently, however. encouraging progress has been made to analyze the dynamic

stall phenomenon by means of Na\ier-Stokes computations using supercomputers.

Ekaterinaris [Ref. S] and Patterson and Lorber [Ref' 91 achieved good agreement with

tile experimental results of Lorber and Carta. It needs to be emphasized, however, that

,Un caculations are liited to two-dimensional flows. The d\nanuc stall and vortex

breakdown phenomena occuring on the F-1S aircraft, which is the subject ofthis thesis,

are still inaccessible to direct computation.

11



III. FLOW VISUALIZATION TECIINIQLiES

Flow visualization is one of many" available tools in experimental fluid

mechanics. It differs from other experimental methods in that it renders certain

properties of a flow field directly accessible to visual perception. [low

visualization techniques offer a useful tc'ol to establish an overall picture of the

steady and unsteady flow field.

The methods of flow visualization can be classified roughliy into three groups

[Ref. lul. These are:

l. addition of foreign materials into gaseous and liquid flows

2. optical flow visualization

3 flow field marking by heat and energy addition

In this thesis only dye injection technique was used. Therefore only the

techniques in the first group are discussed below.

A. DYE VISUALIZATOIN TECHNIQUES

Dve visualization techniques involve addition of a foreign material into gaseous

and liquid riows. Commonly employed methods are the classical dxe injection

method and the dye layer method.

1. The Dye Injection Method

The marking of lines of contours in a flowing liquid by means of dye

can be achieved by introducing the dxe into the liquid from outside (direct

injection). or by generating it with an appropriate chemical reaction in the liquid.

The injection of dye has long been a popular method for visualizing water

flows. In 1883. Reynolds was the first to demonstrate the transition from laminar

to tubulent flow by injecting a thin thread of liquid dye into a flow of water

through a glass tube. The dye is usually introduced to the flow from small holes

or slots provided in the model under consideration or from a source external to

the body, such as a small hypodermic tube or syringe. The tube fiom which

the dve is dispersed must be placed far enough upstream of a test model, so that

interference of the tube with the flow pattern to be studi.. will be minimized.

The rate at which the dye is released has to be matched with the %e!-citv of the

liquid. If the injection rate from the injector tube is alloed to become too large. the

12



ut, dxe mignt beha ve like a 'et. and vortices appear along the interfaces between the

,et an~t te nuaa::U , Ifthe dxe is released from small holes in the surface of a riLid test

:n.odC. the number of holes must be minimized- otherwise the flow of the ine,'tz dx e

would interfere with the main flow around the modcl, and particularly would alter the

bod, wall boundary laver due to the injected mass and momentum.

The dye filaments may be stabilized by mixing the dye with milk (Werle', 1960,

see Ref. 10) and it is presumed that the fattiness of the milk retards diffusion of the

dyed solution into the main bulk of water. At the same time, due to its high reflective

properties, milk also meets the condition of good visibility, so that the use of milk in

a dye nuxture combines two advantages: that of high contrast of dye lines and that of

stabilized filaments with respect to rapid diffusion. The dyed portion of the fluid should

be i']uminated from-i behind with a dilfl'use source or banks of fluorescent tubes.

The choice of dye depends on the particular conditions of a flow experiment,

hut apparently also on such arbitrary circumstances as rapid availability or cost. Food

coloring mixed with nilk appears to be the most popular dye in pure and salt water. This

mixture can be diluted with the water from the operating channel to minimize density

oradients. and filaments of diflerent colors can be generated in order to facilitate the

identi!ication of the spatial flow structure, for example, in a swirling flow.

Table 2. reproduced from Ref. lO, lists a number of dyes, which have been used

or ,o oxperimen. togethcr with the working fluid and the respective ref'erences.

InjeCt:on ofdxe is a standard technique for water tunnel experiments. The dye ejected

into a recirculatin,, tunnel remains in the system and graduall" contaminates the water.

Dumas et al. t 1 9S2. see Ref. -)), who worked with different fluorescent dyes, report that

it takes about 25 minutes of continuous dye injection before 5 cubic meter of water of

the recir,.ulatine sxstenm haxe to be replaced. For the same unit Reynolds number and
15

model scale the velocity in water is of that in air so that flow characteristics can
be observed at a relatively low speed.



Table 2. DYE INJECTION METHODS

WORKING DYE REFERENCES
FIELD

Water Milk and food coloring Werle'( 1960f.f)

Salt water Milk Simpson( 1972)

Water Food coloring Han and Patel 1972)

Salt water Food coloring Hunt and Snyder(19S0)

Polymer solution Food coloning Donahue et al.( 1972)

Water Ink Faler and Leibovich(1977)

Polyethylene Ink Masliyah(1972)

Water Printers white Martin and Lockwood( 1964)

Salt water Blue Dextran dye Delisi and Orlanski( 1975

Water Fluoresceine Dumas et al.( 1982)

Water lethvlene blue dye McNaughton and Sinclair( 1966

Water Fluoresceine ink Maslivah( 1980)

2. The Dye Layer Technique

Flow visualization by the classical dye or smoke injection method runs into

diiflculties when there is a time dependent pressure field associated with an unsteady

flow. In these circumstances, it is not only difficult to release the tracer uniformly into

the flow due to the fluctuating pressure field but it is al sodifficult to interpret the

observed patterns. The dye layer technique described by Gad-el-Hak (1981) overcomes

some of these difliculties. This visualization method can be used in a water towing tank

facility .

The dye layer technique has been particularly useful in investigating the

complex, time dependent flow fields around three-dimensional lifting surfaces

undergoing large amplitude pitching harmonic oscillations. Sheets of laser light are

projected in the desired plane to excite the fluorescent dye layers. The alternating

horizontal sheets of different color dyes remain quiescent until disturbed by the moving

lifting surface. Unlike conventional dye injection techniques, the dye layers mark the

flow in the separation regior., the flow in the wake region, and the potential flow away

from tl-e surface. This is particular useful for observing the irrotational motion induced

by the leading and trailing edge vortices associated with changing the angle of attack of

the if"in. \urfIce.
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IV. FACILITIES AND PROCEDURES

A. FACILITY
The equipment required to complete the experimental portion of this thesis

included:

1. A flow visualization water tunnel.

2. A F-18 fighter aircraft model and necessary support structures.

3. A flow visualization system.

4. A flow recording system (Still camera, Video camera, VCR, TV monitor)

1. Water Tunnel Facility

The experiments were performed in the Naval Postgraduate School flow
visualization water tunnel facility [Ref. 11]

The flow visualization water tunnel is a continuous flow tunnel [Fig. 81.
It is built principally of glass to allow maximum viewing of the model. It has
provision for viewing from the rear which is especially advantageous when
studving flow structures in the cross flow plane. Although the flow velocity can
be varied from 0 to 1.0 ft sec, the entire test was performed at an average 0.5
ft sec, since this velocity provides the optimum conditions for visualization.

The test section is nominally 15 inches wide, 20 inches high, and 60 inches
long. It has slight divergence in the sidewalls to compensate for boundary layer
growth and thus maintains uniform flow velocity across the test section.

The level of flow quality (measured outside the wall boundary layer) over the

test section is as follows:

Turbulence intensity level < 1.0 % RMS

Velocity uniformity < + 2.0 %

Mean flow angularity : < + 1.0 % in both pitch and yaw angle

15
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The dxe supply system consists of six pressurized color dyes using water

soluble food coloring. It is provided with individually routed lines from the dye

reservoirs to the model support system. The dye canisters are pressurized with

air using a small compressor and a pressure regulator to control the pressure level.

The model support system utilizes a C - strut to vary the pitch angle travel up

to 50 degrees between the limits of -10 and 110 degrees, and a turntable to

pr,,,ide yaw variations up to __ 2u degrees.

The model attitude control system can control two axes. The pitch and

yaw directional control switch has plus and minus directions. A plus command

will increase the pitch and yaw angle of the model. A minus command will

decrease the pitch and rotate the yaw axis in a clockwise rotation when viewed

from the top. Each axis has a high low rate switch which permits the operator

to move quickly through large angles. The high rate and low rate correspond

to 4.4 deg , sec and 1.4 deg' sec. respectively. Each axis has a limit switch for each

direction of travel. These switches are intended to prevent the operator from

exceeJing the travel limitations of the model support and thus save the model

from accidental damage,

2. Fighter Model

The fighter model is a - th scale model of the McDonnell Douglas
48

corporation's F-IS fighter aircraft [Fig. 9]. Key dimensions of the model are listed

below:

1. Total length = 14.25 in

2 Wing span 9.375 in

3. Wing chord = 3.5 in(root), 1.5 in (tip)

4. Wing area = 24.97 in2

The longitudinal axis scaling in Fig. 9 is incluaid to provide a visual

reference for discussion of the flow visualization results.



5 10 15

Figure 9. Yieiss of tile F-18 Navy Fighter Aircraft.

3. Injection Ports

The aircraft model was equipped with several dye injection ports. Fig. 10

illustrates the locations of these dye ports. i he d es are drawn from the

pressurized dye supply system mentioned earlier and injected through the ports
on the model. The injection rate of each dye line can be individually controlled

by a fine needle valve. Table 3 lists different colors and their locations.



WING L.E PORTS

FOREBODY PORTS

LEX PORTS

CANOPY PORTS

INLET PORTS

5 10 15

Figure 10. Dye port locations on F-1 model.

Table 3. DYE COLORS AND THEIR INJECTION LOCATION

LOCATI-ON COLOR(S)
Forebody Red, Blue
Canopy Pink

Leading Edge Extension Black

Wing leading edge Green
Inlet flow Yellow
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B. EXPERIMENTAL PROCEDURE

-1 he o erail :o1 of the investigation was flow visualization and documentation

of the eifl'cts of pltcih rate on the vortex development and bursting locations

oH the F-18 aircraft in the low speed, high angle of attack regime, with and

withcut yaw. The focus of this thesis project has been the study of the forebody

vortices and strake vortices during simple pitch up and simple pitch down

motions, with and without yaw.

To meet this goal, the experiment was carried out in two phases. The first

phase involved the forebody vortex flow visualization on the model for two pitch

rates, with angle of attack varying from 0 degree to 50 degrees (simple pitch up

motion) and 50 degrees to 0 degree (simple pitch down motion). This phase was

carried out for yaw angles of 0 deg, + 5 deg, + 10 deg. and + 20 degrees. The

flow velocity in the water tunnel was nearly constant at 0.5 ft. sec through the

experiment. The second phase involved the LEX (leading edge extension or strake)

vortex flow visualization on t' 2 model for the same pitch and yaw configurations

and flow conditions of the first phase.

1. Model mounting

Before starting any experiment, it is very important to insure that the

model is mounted horizontally in the water tunnel with zero pitch, zero yaw and

zero roll. The center line of the model (say fuselage) is aligned with the center

line of the tunnel. A level check is then performed on both wing tips so that

they are located at the same height from a reference plane (say from the tunnel

floor). The model symmetry is then checked by observing the symmetry in the

shed vortices. Although this is subject to some visual error, the method was found

to be reasonably satisfactorv.

2. Reduced frequency simulation
("C

From the fomula for reduced frequency, k = -2 U, one can estimate the

reduced frequency at various conditions. Table 4 lists these values for the model

and the actual aircraft and shows that the water tunnel facility is capable of

simulating full scale values of this unsteady parameter in the F-18 aircraft.

2u)



Table 4. REDUCED FREQUENCY_______ ______

PITCH PLATE c (rad, sec) Length(ft) U_ (ft sec) k(reduced

_____________ ____________ _____________ ____________ frequency)
Low pitch rate 0.0--24 1.-12 0.5 0.0273
model________ ________ ______ __

High pitch 0.0751 1. 12 0.5 0.0841
rate model

aircraft( typical
fli2ht

3. Forebody vortex flo~s visualization

T-able 5 illustrates the test conditions during forebodv vortex visualization

experiments. It should be mentioned here that although negative yaw angles were

covered during the experiment, the corresponding data is neither presented nor

discussed in this thesis because of Its close similarity with the data for positive

yaw angles.

Tahle 5. FOREBODY VORTEX FLOW VISUALIZATION______

.\OA1 degrees) YAW ~degrees) CONDITION' PITCH RATE REMIARKS

Static

Low pitch rate
up Side

0to 50(everyv2 Low pitch rate view. Plan form
0,+5,+1l0,+2 downN e.tl10 deg) ~~~Dynamic _________ ie.tl

High pitch rate pictre.Id
UP tape recording

High pitch rate
down

4. LEX vortex flowv visualization

T-able 6 shows the test conditions during LEX vortex flow visualization

experiments. Again negative yaw angles were covered during the experiment, but

for reasons mentioned earlier, the data is not presented here.
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Table 6. LEX VORTEX FLOW VISTALIZATION

.AOAdegrees) YAW dcLrcesi (ONDITION PITCHt RAL.\T REM\RKS

Static

Low pitch rate
up Side

o to 50(every Low pitch rate view,Planform

10) 0,+5,+ 1 ,-20 down view.Still
High pitch rate pictures.Video

up tape recording

High pitch rate
down

Data acquisition

Data consist of 35nm photographs of the model flowfield in both

planform and side views. \lthough they were not taken simultaneously, in most

cases they were taken only a few seconds or minutes apart with one camera.

In a few cases, the two views were taken at much different times, but this was

not considered to be a pr blem since the flow at most attitudes was resonably

repeatable. Video tapes were also made (with emphasis on planform and side

views) to record the observed flow phenomena during static and dynamic

conditions.



V. RESULTS AND DISCUSSION

The results of this investigation are presented and discussed below.

In excess of 800 frames of 35 mm black and white film were exposed and

over 8 hours of video tape recorded during the investigation. The results of the

35 mm photography are presented in a series of 6 numbered photographic

sequenses which are presented as Figures 11 through 183 in Appendix A. Figures

184 through 195 included in Appendix B represent the bursting location data

deduced from these photographs. With utmost care and consistency the bursting

locations were visually determined from these photographs and scaled for

nondimensionalization. Some arbitrariness may still be present in the reduced data

but this should not unduly affect the interpretation of the data.

The results will be discussed below in three parts:

1. Forebody vortex flow visualization data.

2. LEX vortex flow visualization data.

3. Bursting location plots.

Each sequence of photographs is referred to in the discussion alone with the

corresponding figure numbers, followed by an analysis of the observed flow

phenomena. Table 7 lists some prominent stations and model feartures at these

locations. Port locations are shown in Figure 10 which is scaled for visual

reference.

Table 7. STATION IDENTIFICATION ON THE MODEL.

STATION DISCRIPTION

0 Tip of nose
3.8 Foreward most edge of canopy

4.3 Foreward most edge of LEX

10 Intersection of LEX and Wing leading edge

1-4.2 Foreward most edge of vertical stabilizer

15.2 Trailing edge of wings

20 Exhaust nozzle end
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A. FOREBODY VORTEX FLOW VISUALIZATION DATA

The results of the forebody \ortex flow \1uah1atio1cxpcnmetts are pre"Cnited

as photographic Sequence Numbers I to 3 in Appendi\ A tigure 11 through 1/1-

and in the form of bursting location plots in Appendix B (Figures IS-1 through

189). This data is analyzed below for the effects of pitch rate on bursting

location with and without yaw, and the results for the model in d\namic (pitch)

motion compared with these for the corresponding stationary model in static

(equilibrium) condition.

1. Effects of pitch rate

Sequence Number 1, Figures II through 35. shows the development and or

bursting of forebody generated vortices for the static case and for simple pitch

up and simple pitch down motions at two reduced frequencies pdimensionls pitch

rates, with the model at zero yaw. The bursting location plots deduced from these

photographs are shown in Figure IS4.

Figures 11 through 15 which were taken at intervals of l(1 anle of attack

indicate that at low angles of attack the forebodv flow field i practically

vortex-free. Increasing the angle of attack to 21Y results in the de\clopment of

a pair of synmnetric nose generated vortices dcpicted in Figures 16 through 2o.

A-s the angle of attack is increased further. Figures 21 through 33. these ',ortices

grow and the vortex burst location moves forward, indicating that the separated

flow region increases at higher angle of attack, i.e.. flow separation occurs earlier

at higher angles of attack. Figures 16 and 31 illustrate typical forebodv vortex

flow patterns for the static case in low and high angle of- attack conditions 2W°

and 5 .), respectively. A careful study of the photographs For the pitch up and

pitch down motions and or the replay of video tape recordings of the flow

visualization events show at what angle of attack the transition from symmetric

to asymmmetric flow takes place and at what location the asyrmmetric vortex

separates and crosses the model centerline. Furthermore, they clearly highlight

what is frequently referred to as aerodynamic hysteresis effects during unsteady

motion, causing a different angle of attack for reestablishment of synmmetric flow

as the angle of attack is reduced (during pitch down motion). It i currently

unknown exactly what causes the asymmnetric vortcx sheddinL to tend -o lavor

one side.



2. Effects of Na s

Sojue:,ce Number 2. Figures 36 throug.h 49 and Sequence Number 3,

[iglures 5() throu:h )1 show forebody vortex flow patterns obtained for two

reduced frequencies at various model yaw angles, for static and dynamic cases,

respectively. The corresponding bursting location plots are shown in Figures 184

through 1S9. These photographs clearly indicate the pronounced effects of even

small xaw angles on the vortex development and breakdown. As can be seen in

these photographs, the dye line injected from the windwardside of the forebodv

crosses over to the leeward side, leading to an asymmetric vortex field. They

also indicate the effects of yaw on vortex bursting at both the windward and

leeward sides.

B. LEX VORTEX FLOW VISUALIZATION DATA

All the results of the LEX vortex flow visualization experiments are presented

as photographic Sequence Numbers 4 through 6 in Appendix A (Figures 98

through 1831 and in the form of bursting location plots in Appendix B (Figures

190 through 195). This data is analysed below for the effects of pitch rate on

bursting location with and without yaw, and the results for the model in dynamc

(pitch) motion compared with those for the corresponding stationary model in

static equilibrium) condition. It must be mentioned here that the vortices shed

from the forebodv are very weak compared to LEX generated vortices and are

more viscous dominated. Compared to the forebodv vortex flow patter:,s, the

LLX vortex flow patterns were better defined and consequently identification of

burst location and scaling was less demanding in this case.

1. Effects of pitch rate

Sequence Number 4, Figures 98 through 118, shows the development and

or bursting of LEX generated vortices for the static case and for simple pitch

up and simple pitch down motions at two reduced frequencies (dimensionless pitch

rates) with the model at zero yaw. The bursting location plots deduced from

these photographs are shown in Figure 190.

A careful study of these photographs and the flow visualization events

recorded on the video tape indicate the same effects described earlier for the

forebodv visualization experiments. However, these results show up very

dramatically in this case as LEX generated vortices are strong and thus clearly

%i~ Ie.
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2. Effects of Na"

Sequer;e NLk-ber 5, I aure. 119 throuch 12 and Sequence Number (.

I 2ure 1 2" throt'ch I 53. show IX cenerated vortex flow patterns obtained for

two reduced frequencies at various model yaw angles, for the static and dynanic

cases, respectively. The corresponding bursting location plots are shown in Figures

lQI through 195. As before, the yaw effects discussed earlier for the forebodv

visualizatio, experiments show up dramatically in this case.

C. BURSTING LOCATION PLOTS

Quantitative documentation of burst response location to varying pitch rates

during pitch up and pitch down motions at zero yaw angle is presented in Figure

1S4 and Fiure IQ(-) for forebodv and LEX experiments. respectively. It is clear

tLat during both pitch up and pitch down motions in the anule of attack range

con .sidered, the burst location alwax s occurred earlier relative to the: static case.

higcher pitch rate implving earlier bursting. Thus for both pitch up and pitch

down motions, the burst location curves consistently undershoot the corresponding

tatic c-urve. The undershoot increases with pitch rate and is greater for the pitch

down motion. The vortex breakdown response observed here for the pitch down

motion is sinilar to the one observed by .Magness et al. lRef. 2J in their

e,.pe nri al inestigation, of leading edge vortices on a pitching delta wing.

I owever, in their study, during the simple pitch up motion the bursting occurred

later relative to the static case in the high angle of attack range. i.e., there was

overshoot in the bursting location curve for the pitch up motion. No overshoot

wvas observed during the present investigation for the zero yaw case.

The eficct\ of yav on burting locations of the forebody vortex and LEX

vortex are shown in Fieures 184 through 189 and Figures 191 through 195,

respectively. Note that in these figures bursting location refers to the bursting of

the vortex on the leeward side. It is clear from Figure 184 that for the static

case the effect of ,aw is to delay bursting, i.e., to cause the forebodv vortex

bursting to occur later for angles of attack greater than 150. Similar yaw effects

are observed in the case of LEX vortex bursting but only in the 20 to 401

angle of attack range, the yaw effects reversing outside this angle of attack range

1Figure 191). 1)uring the pitch up and pitch down motion, similar "delay effects"

"A ", , ohcr',cd both on furebodv vortex burst locations (Figures I S6 through

! , .I lIX ',rtex bar: locations tigures I')2 throucii 19S). In the latter case.



thesce delay effects "re present throughout the angle of attack range 1U° to
51) I. It should alo be noted here that at iiighcr angles of attack, the LLX
%ortex burst location tends toward the leading edoe.



VI. CONCLUSION AND RECOMMENDATIONS

A low speed Flow Visualization investigation was initiated into the high angle

of attack aerodynanics of a 29o scale model of the F-18 fighter aircraft using

dye injection in the NPS water tunnel. The main focus was on the effects of

pitch rate on the development bursting of vortices generated from the forebody

and the strakes in the high angle of attack range, with and without yaw. The

following conclusions are drawn from the results of the experimental investigation:

1. Pitch effects Steady asvnmetric vortices exist at high angle of attack range.
At much higher angles of attack, wake like flow is observed.

2. Pitch rate effects Relative to the static case. bursting occurrs earlier du::in.
pitLh up motion, and much earlier during the pitch down motion.These
effects increase with pitch rate.

3. ''aw effects : In the presence of model yaw, bursting occurs later on the
leeward side, but earlier on the windwardside. The presence of yaw causes
asymmetric vortex bursting, leading to undesirable side forces and yawing
moments.

The followine recommendations are made based on the results of this

investigation:

1. The flow visualization experiments should be extended to higher angles of
attack beyond 50'.

2. The experimental results obtained here were based on laborious visual
analysis. An automated computer controlled system for carrying out dynamic
flow visualization experiments and for data acquisition and analysis is highly
recommended.

2S



APPENDIX A. EXPERPIENTAL R[SILTS(PHiOTOGRAPHS)

FIGURES 11 THIROUGH 183

Figure 11. Foi-ebudv. Static. AGA =10 deg , YAW = 0deg.



... .... \

--------



MIA7

Figure 14. Forebody, High Pitch Up. AGA =10 deg , YANN 0 d egl.

Fioure 15. Forebodv. High Pitch Domi. AGA 10 deg, Y XAWX 0 deg.



Figure 16. ForebodN. Static. AGA =20 deg. YAW 0 deg,.

Figure 17. [orchod'., Lo~s Pitch lIp. AGA =20) deg. YAW =0 deg.



Eioure I S. Enidmdv. Lo%% Pitcii Down A()A~ 20 de(, YAW 0 ( deg.

I if-iit- I1). F() u(ti(nt. I Ii2-Ii Pilch 1 p., AO.\ 21) del, YAN 0\ de!-.



Figure 20. Forebodv. High Pitch Doi, AOA =20 deg, YAW 0 dego.

Fi-ure 21. ForebodN. Static. AGA =30 deg. YAW = 0 deg.



Figure 22. ForebodN. Low% Pitch Up, AOA 30 deg YAW 0 deg.

Fil~tre 23. I-orebodN. Lo~s Pitch Down. AGA 30 deg , YAW =0 deg.



rigure 24. Foreboci'. i li- Pitch I p. AOA 30 dt!-( ANN\V 0 deg.

Figure 25. Forebod% I! Pil Dws n~I~I. AX(A =301 de(_, N A\X 0 deg.



F 2o tu ~ f ot-bod,% Static,.-A( ) X 4(0 dt N ANN' 0 de.g.



I~~ i2v c~ I 1IhiI 1) 1.'Pth )' . A( kA - 401 dv(, = (G (IL"-'.

1'11 1 1) 4110 d



Figure 30. ForebodN, Highi Pitch Dom'n, AOA 40 deg ,YANN= 0 deg,.

Figure 31. ForebodN. Static. AO.A =50 (leg YAWN 0 deg.



1 ut 2. Fui ebodN LoN% Pic . .:OA 5[0 dco 0 d'

PI 1 ' )



Figure 34. Forebody. Highi Pitch Uip, AOA =50 deg .YAWN 0 deg.

Fi-tie 35 ForebodN, 1-ughI Pitch Do%'il. AOA ;0S deg YAW = 0 deg.



Figure 36. Forebody. Static, AIDA =10 de- . YAW 5deg-.

[i,_lure 37. F orebodIN, Static. AG.A 10I( deg. YAA 1 ( lUeg.



Fioure 38. ForehodN. Static. AOA 20 deg YAW 0 (ieg.

[i'1n1 391. [Yrt-bod.. Stalic, AO.A =20 dveg Y ~AWX 5 e



Figure 40. Forebody. Static, AQA =20 deg, YAWN I 10deg.

Figure 41. Forebody, Static, AOA =20 deg YAW = 20 deg.
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Figure 42. Forehodv, Static, AOA 40 deg- YAWN 0 deo.

Fi iure 4 3. rorebod%, Static, AOA 40 deg. YAW d de.



Figure 44. Forebodiv. Static, AGA =40 deg ,YAW = 10 deg.

Figuire 45. Forebody, Static, AOA =40 deg Y AWX 20 deg.



Fi-ure 46. ForehodN. Static. AGA =50)degv, YAWN = 0deg.

[igiiure 47. rorehodN. Static. AGA =50 deg. YAW~ 5 de(-.



Figure 48. Forebody. Static, AGA 50 deg , YAW = 10 deg.

Figlure 49. Forebod%. Static. AGA 50 deg .YA\X = 20 deg.



Figure ;0. Forebody, Lms Pitch Lip, AGA 30 deg, YAWN 0 deg.

Fiotire ;1. Foi ebodN. Lo's Pitch Do~ i AGA 3 0 deg ,a YANN 0 deg.



Figure 52. Forebody, High Pitch U p, AGA 30 de- , YAWN 0 deg.

I 40'

Fimure 53. Forehody, High Pitch Dmwn. AGA 30 deg .YAWN 0 deg.



Figure 54. Forehody, Low Pitch Up, AGA =30 deg ,YAW =5 d eg.

Figure 5. Forehodv, Lom% Pitch Domi, AOA =30 deg. YAW = 5 deg.



A1

Figure 56. Forebody, High Pitch Up, AQA =30 deg , YANN' 5 deg.

Figure 57. Forehodv. High Pitch Doisn, AGA 30 deg, YN'~ V 5 deo.



Figure 58. Forebodv, Lo" Pitch Up. AGA =30 deg, YAWX 10 deLg.

Fi(_,ite 59. Fr ebodJN, Lo% Pitch Domin. AOA =30 dev YA 10~= t deg,.



Figure 61. ForebodN. High Pitch Dop, AA =30 de YANN 10 de.



Figure 62. Forebod~y. Lo'i Pitch Up. AGA =30 deg, YAW = 20 degl.

Fi-ture 63. Foreho(dN. LoN" Pitch DoNn, AOA 3(1 deg .YANV 20 dei2.



Figure 64. Forebody, High Pitch 1.7,p, AOA =30) deg , XAVN 20 deg.

I i( ii e 65. Forebod%. ighI Pitch Do'mn. AGA 30 def' V A\V 2(0 deo



Figure 66. Forebody, Low Pitch Up, AGA =40 deg ,YAW = 0 deg.

Figure 67 1 orebodN. Lmw Pitch Down. AG A 40) deg. X ANN 0 deg.



Figure 68. Forebody, High Pitch Up, AOA 40 deg .YANN' 0 deg.

Fure 69. [orebod . High Pitch Dom)n. AOA =40 deg . YAWN 0 ( deg.



Figure 70. Forebody, Loi Pitch Up, AGA =40 deg , YAW = deg.

Figure 71. Forebody. Low Pitch DoN~n, AGA =40 deg . YAW = de(,.



Figure 72. Forebody. High Pitch Up. AQA =40 deg, YAW 5 deg.

Figure 73. Forehodv. High Pitch Do'in AOA 40 degl Y AW~ 5 deg.



Figure 74. ForebodN, Lous Pitch Up, AQA =40 de, YAWX 10deg.

hrige 7;. roreIbodN Louu Pitch Do'u n, AGA =40 deo YAWN 10U deg.



Figure 76. Forebody, High Pitch Up, AOA =40 deg , YAW = 10 deg.

Fi_$2lre 77. ForebodN. Hih Pitch Dowsn. AOA 40 deg YAW =10 deg.



Figure 78. ForebodN, Lois Pitch Lip, AQA =40 deg , YAW = 20 deg.

riglUre 79. ForebodN, Lo's Pitch Do'sn. AGA =40 deg YAW 20 deg.



amp.-!

Figure 80. Forebody, High Pitch Up, AGA =40 deg , YAW = 20 deg.

Figure 81. ForehodN. fIii-l Pitch Down. AGA =40 deg. YAVN = 20 dc(g.



Figure 82. Forebodv. Lois Pitch Up, AGA 50 deg , XAX NN 0 d eg(1.

iii ,ue 83 F ot ehodIN L-o'% Pit ch Dt n. A() . 5( deg. YAW =0 deg.



Figure 84I. Forebodv, Highi Pitch Lip, AGA =50 deg, YAWN 0 deg.

Figure 85. Forehodx. Higyh P itch Doin, AOA ;0 deg . YAW~ 0 deg.



Figure 86. Forebodv. Lois Pitch Uip. AGA =50 deg. YAW = 5 de-.

[igurv 87. Forehodv., LoNN Pitch Do~~ ii AO.A ;0 deg. X AW = deg.



Figure 88. Forebodv, Highi Pitch Up. AQA =50 deg ,YAW = deg.

[w(_ure 89. rorebod%, Hligh Pitch Dmoii. AOA = 50 deg YIAW 5 deg.



Fil-ure 90. ForebodN. L Ns Pitch I.'p. AOA =5() deg. Y't 10= (IL dii..

Owe



Fi-ure 92. ForebodN. Hi-b Pitch lip, AOA =50 deg, \ ..x\ 10 deg.

I 1i L'- 9 . fflt)x II11 Pitch Dom i. AO(A = 51) de,_', A \V 10)(1



Figure 94. Forebody, Lou Pitch Up. AGA =50 deg , YAW 20 deg.

[i,_ure 95. [orihod%. '"iPitch DoNun, AOA =50 deg .YAW =201 de(-.
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Figure 96. Forebodv, High Pitch Up, AGA =50 deg Y xAWX 20 deg.

F igu~re 97. ForehodN. high Pitch Domn. AOA =50 deg . 'xAW =20 deg(.



9Sur '~. VLX dti~c ()\ I)d2 -( 2.

QQ IIV o Pid I10d'I



Figure 100. LUX. Lo's Pitch Do~N. AOA =10 deg, Y AWX 0 deg.

[-ioiire 101. LEX. High Pitch Uip. AGA 10 deg \ ANN 0 ( deg.



Figure 102. LEN. Lo~i Pitch Up, AGA 20 deg , YAW =0 deg.

Figure 103. LEN, Lous Pitch Domi. AGA =20 deg YN'~ 0X d1(eg.



I IL (4. L EX. IIi211h Pitch p.AOA =201 dt'2- \A\X ( dl



Figure 1016. LEN. Static. AOA =30 deg . YAWX 0 ( deg.

Fi Ie(((7. Ll N. LoNi Pitch (-p, AOA 30 deg. YA 0X = deg.



Fi-uir 108. LEX. Iw% Pi!ch DoNwu, AOA 30 deg . A 0 deg.

[iouIre 1019. LEN. I Ii,-,h Pitch tp, AoA 301 dev Y AW 0 deg.



A

1~

Ei~ure 110. LEN. 1-ugh Pitch Doi'ri. AGA = 30 deg . YAW (1 deg.

N 1
/

/ /

(
:1

-I

Figure III. LLN. Static. AGA = 40 de~ X AW = 0 de'



Figure 112. LEX, Lmi Pitch Up, AGA 40 deg , YAWN 0 Ideg.

[igtlle 1 13. LEN. Lo~s Pitch DoNwn. AOA =40 deg. \ ANN 0 deg.



Figure 114. LEX. Hligh Pitch 1 1). .XOA =40 deg- YAW 0 deg.

hiu 115. I-EX. Static. AoJ k 50J dcg . YAWN 0 ( deg.



Figure 116. LEX, Lows Pitch Up, AGA 50 deg, YAW~ 0deg.

Iiirii 117. L Ii. LoN% Pitch Domi. AOA = 50 (Ico AW =0 deg.



Figure 118X. LEX, High Pitch Uip, AGA 50~ deg , YAW~ 0 deg.

I i'iu. 119. HA[. Ysatic. Ao:X = )deg . YAWX 0 deo.



Figure 120. LEX, Static, AGA 10 deg, YAW 5 deg.

Figur~e 121. LENX. Static. AOA = Odeg . YAWN l(Jdeg.



Figure 122. LEX, Static. AQA =20 deg YAW = 5 deg.

Figure 123. LEX. Static. AGA =2(1 deg ,YAWN 10 deg.



Figure 124. LEX, Static. AOA = 30 deg, \AW = 0 deg.

Figure 125. LEX. Static. AOA = 30 (leg, YAW = 5 deg.



Figure 126. LEX, Static. AGA =40 deg . Y AW N'. 0 deg.

figure 127. LEX. Static, AOA =50 deg. YAWN 0 deg.



Figure 128. LEX, Low Pitch Up, AQA =20 deg , YAW =0 deg.

Fiouire 129. LEX. Lo'i Pitch DoN'in, AGA 20 deg AN'A 0 deg.



Figure 130. LEX. High Pitch Up. AOA 20 deg ,YANN= 0 dega.

riouire 131. LEX. fIioh Pitch Domii. AOA =20) defg . NAW 0) deg.



Figue 13. LE. Lo Pith li. AG 30 eg, an Oeg

Figure 133. LEX, Low Pitch LIPn AA = 30 deg. YAW 0 deg.



Pitch



Figure 136. LEX. Loss Pitch Lip. AOA =40 deg . YAW 0 deg.

Figuire 137. [LX. Lois Pitch Dossn, AG.A -40 deg. Y AW~ 0 deo.



[',_wurt 138, LEX. High Pitch lip. AOA 40 deg. N*'AN 0 Odeg.



Fivure i4f). L EX, Lo%% Pitch Dmi n, AOA -;O0deg, YAW O 0de( .

Ii12111C 141I. 1 X I N. J I~iI itchl I'p. Q ( (I' Y W = 1)dv



Figure 142. LEX Loii Pitch Up. AGA 0 deg. YAW 5deg.

Fi(,iire 143. LUX,. Lo~s P'itchi t p. AOA 10 dcoz ANN deg1t.



Finire 144. LEX. Loii Pitch Uip. AoA 20 de- YAW 5de~g.

I iiru 14;. 1 IA. I ONN I'ii I) DON 1. ()\ 2110 c (I '(' N \\ %%Nd



Figure 146. LEX, High Pitch Up, AOA 20 deg .YANN= 5 deg.

Fiftiie 147. LI \. high Pitch Dmini AOA =20 dev N AW 5 deg.
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Figure 148. LEX. [mi Pitch Lip, AOA 30 deg YANN' deg.

Etie149. LIA. L-o% Pitch Do'sn. AOA 30) deg Y ANN= deog.



Figure 150. LEX. High Pitch Up. AOA 30 deg , YAW =5deg.

h,-gmre F 1. LEX. IiighI Pitch Do%%ni. AOA =30J deg. NAW =5deg.



[iiure 152. LEX. LoN% Pitch Vp. AOA 40) degI YAW 5 deg.

I i,2 iR i 5 13. 1I. N. U, Pitch Do" ii. AO()A 40) deg ) AN \' o5 c



Figure 154. LEX. High Pitch Ilp, AGA 40 deg , YAW Sdefa

Fivurie 155. LUX. High Pitch Doisn. AOA =40 deg , YAW =5 deg.



Fi-ure 1;6. LEX. Lo'.' Pitch Up. AOA ;0 deg YAW 5deg.

1i~irt I5. L-rX. Lo%% Pitdi Do" ii. AOA 1 0 (deg N =N 10 d



1i-;S 5. LEX. Hi-h Pitch Domi. AoA 10It dcf_ . ON 10\If del(-.

1 t I59). LIl X. I1ONN Pith I 1p1. ko,)\ 201 (ICI-. YA% I1) (tel.



Figure 160. LEX Lo Pic .......... A....0.deg.........1..d..

Figure 161. LEX, Higw Pitch Di. AOA 20 deg YAW 10 deg.

......



Figure 162. LEX. High Pitch Dowsn. AOA =201 deo. YAW =1(1 de,-.

I i,re 1 63. LVX. LoN Pitcl 1). A0A =301 de- 10 de Il(C



Figure 164. LEX. Lois Pitch Do i, AOA =30) de- , Y~AW~ -10 der.

Fi,-ture 165. LEX. High Plitch tip ),A.A 31) deg ' VA 10) de(,.



f inr ~~t. IX Iii'hPitch Dm'%n. \() d 11--2 \\ -I dcL .



Fiiture 168. LEN. Lois Pitch Dowsn. AOX = 40 du(- N''s 10U di".

I11 14I V lli~j Piltc~ tIp, AAX -40 del, NA 10i deig.



Figure 170. LEX, High Pitch Dow i AOA =40 deg , YAWN 10 deg.

rEgure 171. L\., Lows Pitch t p. AOA 5'0 dleg , YAW 10 de(,).



Fu.nure 1-2. LEN, Highi Pitch tLp. AOA = 0( de,, NtAW 10 deg.



F'igure 174. LEN, High Pitch Doisn, AOA 10 deg ,YAW = 20 deg.

;!,l!vlt~m * V

Firure 175. LL\. LoNN Pitch Up. AOA 20 deg . YAW =20 deg.



Fi-ure 176. LEX, High Pitch Uip, AOA =20 deg- YAW =20 deg.

Viire 17. LEX. fi'h Pitch Dom~i. AOA 20 deg. Y~AN 20 dcg .



Figure 178. LEX. LoN% Pitch Up, AGA 30 deg , YAW 20 deg.

itIe179. LEX. High Pitch Up. AO-A 31) dep. YAW 20 de(,.



Figure 180. LEN, High Pitch Dowsn, AOA 30 deg , YAWX 20 deg.

Figure 181. LEN. Hligh Pitch Up. AGA 40 deg , YAW =2(1 deg.



Figure 182. LEX, High Pitch Down, AOA 40 deg ,YAWV 20 deg.

Figure 183. LEX. High Pitch Lip, AOA = 50 deg .YAWV 20 deg.



APPENDIX B. EXPERIMENTAL RESULTS (GRAPHS)

FIGURES 184 THROUGH 195
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Fiotire 186. rorebodNy, Yals Effect (D~naii)



LEGEND
o YAW=O0DEG
0~ YAfl=+1oI-"c

YA ' 1 E *'

YI- 46U

z _ _ _ _ _ _ _ _ _ _ _

0203 i

oO(ERE

LO00THRTEDW

Fiue19. oeoy Yi fetD nmc

10



LEGEND
C YAW= 0DEG

0 -YAW;:-+S'DE
LYAW =+10 DEC

I-(:- 2FU

00

00 i

12



LEGEND
oYAW=O0DEG

YAW +5~ DEG

- - - - ---

0 C0

0 0.. ..

loi
AOA(DEGREE

HIH ITH AT DW

Fiue19 oeoi IasEfc Dnm0

12



C;

o LEGEND
aSTATIC CASE

o MOW PITCH UP

o ~'LOW PITC DON
-~IRH WfcW1JO'WNP--

0~

121



LEGEND
t3 YAW=O0DEG
o.. A= =+5-DEG

YA -. 0

00

- "S

10 eo o o 0

AOA(DEGREE

Fiue110K ,Y~ fet(ttc

12



LEGEND
0~ YAl=+0DG
0 YAW +5 DE

YA0 1 E

YA004 UO

lo

AOA (DEGREE)
LOW PITCH RATE UP

Figuire 192. LEX, I'a~ Effect (D3 namic)
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Figure 193. LEX, Yais Effect (Dynamic)
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Figure 194. LEX, Yaw Effect (Dynamic)
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